Purpose Previous studies have reported associations between levels of protein and carbohydrate intake with several health outcomes. Yet, their effect on successful (or healthy) aging remains unknown. The purpose of the present work was to investigate the association of protein and carbohydrate intake levels with successful aging. Methods A cross-sectional analysis was carried out on the participants of two epidemiological studies; the ATTICA and the MEDIS studies. Anthropometrical, clinical and socio-demographic characteristics, dietary habits, and lifestyle parameters were derived through standard procedures. Successful aging was evaluated using a validated index (SAI) composed of 10 health-related social, lifestyle and clinical characteristics. Results SAI levels were lower in low protein-high carbohydrate diet group (B = − 0.08, p = 0.04), but higher in high protein-high carbohydrate group (B = 0.06, p = 0.04), as compared to low protein and low carbohydrate diet, in participants living in insular areas. Protein-carbohydrate diet was not associated with SAI (all p's > 0.05) among participants living in urban areas (p for diet-study interaction < 0.001). Conclusions A high protein diet seems to be beneficial for older islanders in terms of successful aging; stating a hypothesis for a potential diet-environmental interaction that may be related to the quality of foods consumed and, consequently the sources of nutrients.
Introduction
Several health benefits have been reported for high protein (PRO) diets, including weight control, improved body composition, lower age-related muscle loss and functional decline [1] [2] [3] . High protein diets, however, have also been associated with some health risks, such as diabetic neuropathy and respiratory tract cancer [4, 5] . At the same time, diets high in carbohydrate (CHO) have also gained increasing attention. High in simple or/and refined CHO diets have been associated with increased energy intake compared to other types of diet (e.g., ketogenic), and with elevated body mass index (BMI) [6] . They have also been associated with various diseases including Alzheimer's, diabetes mellitus, and dietary-related types of cancer, such as colorectal [7] [8] [9] . Based on a review by Jung & Choi, there are a lot of studies showing conflicting results regarding carbohydrate diets. There was the concern that high CHO diets may raise serum triglyceride and reduce highdensity lipoprotein-cholesterol levels in diabetes patients, triggering the onset of cardiovascular disease (CVD). Moreover, it was suggested that CHO diets may not be responsible for the lipid profile per se, but the quality of CHO consumed [10] . High PRO diets have been inversely associated with survival of hemodialysis patients' [11] . Thus, dietary protein and carbohydrate intake may influence the onset and the progression of chronic diseases, which according to the Global Burden of Disease Study, have an increased incidence over the past decades in both the developed and the developing countries, and are characterized as a global public health problem [12] .
Chronic diseases occur in higher frequency with age with a negative effect on successful aging. Successful aging, otherwise known as healthy aging, is a term used to characterize aging without the presence of any major chronic health condition, that may limit a person's functionality and wellbeing [13, 14] . In the past decades, the population distribution has changed, and a higher proportion of older adults is now observed, compared to the past. This underlines the importance of studying factors that may affect aging process [15] ; dietary habits exert their crucial role in human health throughout life course. Nutrients, and particularly CHO, PRO and fat, have shown to play an important role in health and disease. However, PRO and CHO intake has not been well studied and understood in association with successful aging. Thus, the aim of this study, was to investigate the association of PRO and CHO consumption with SAI, in people over 50 years old, living on the mainland and the islands of Greece. A potential diet-environmental interaction (i.e., with the place of residence) was also tested. Environmental factors, like region, might result in groups of people with different cultural heritage, potentially affecting their dietary habits and behaviors, the quality and types of foods consumed, including different food sources of PRO, CHO or other macronutrients, that may independently affect aging. Norms of eating are usually outlined by the behavior of other people living in the same or different environmental framework, but also share cultural expectations and environmental cues. In the past, i.e., before the touristic explosion in Greek islands in the mid-1960s, there were a number of peculiarities in terms of cultural behavior, between the mainland and insular Greece, a fact that could be considered as a "large-scale", natural environmental "experiment" for testing health-related associations. Therefore, almost 50 years after, the evaluation of the synergistic role of diet and environmental factors on aging, is a great opportunity to test whether the effect of this interaction still holds.
Methodology
Two cross-sectional, population-based, large-scale epidemiologic studies, the ATTICA [16] and the MEDIS [17] , conducted in Greece the past 15 years, were combined in this work to study a more representative sample from the mainland, as well as insular country.
Study sample
From both the ATTICA and the MEDIS information from older adults over 50 years of age, living in urban and insular Greek areas were used. The ATTICA study was a population-based observational study carried out in the greater metropolitan Athens area, during [2001] [2002] . The main aims of the study were to investigate the prevalence of cardiovascular disease risk factors, investigate potential predictor factors of cardiovascular disease (CVD), and evaluate the 10-year (2002-2012) incidence of the disease. At baseline, all participants were free of CVD and cancer, as assessed through a detailed clinical evaluation by the study's physicians. From the n = 2583 participants over 18 years old, of the ATTICA sample, a sub-group of n = 1128 individuals over 50 years old were analyzed in this work. More information about ATTICA study may be found elsewhere [16] .
The second study was, the MEDIS (Mediterranean Islands Study)-a population-based study carried out during 2005-2017. It included approximately 3000 older people from the 26 Mediterranean islands of various countries. In this work n = 2305 volunteers, aged 50 years or older, from the Greek islands: Lesvos (n = 142), Samothraki (n = 100), Cephalonia (n = 115), Crete (n = 131), Corfu (n = 149), Limnos (n = 150), Ikaria (n = 76), Syros (n = 151), Naxos (n = 145), Zakynthos (n = 103), Salamina (n = 147), Kassos (n = 52), Rhodes and Karpathos (n = 149), Tinos (n = 129), Ai Stratis (n = 30), Spetses (n = 92), Aegina (n = 59), Paros (n = 90), as well as the rural region of east Mani (n = 295), were included. Individuals who resided in assisted-living centers, had a clinical history of CVD or cancer, or had left the island for a considerable period of time during their life (i.e., > 5 years) were excluded from the study, since the study aimed to assess lifestyle patterns that were not subject to modifications due to existing chronic health care conditions or by environmental factors other than the immediate living milieu. More information about the MEDIS study may be found elsewhere [17] .
In both studies, a group of health scientists (cardiologists, general practitioners, physicians, dietitians, public health nutritionists and nurses) with field experience collected all required information using standard questionnaires and following standard clinical procedures.
Bioethics
The ATTICA study was approved by the Bioethics Committee of Athens Medical School and was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. The MEDIS study followed the ethical recommendations of the World Medical Association (52nd WMA General Assembly, Edinburgh, Scotland, October 2000). The Institutional Ethics Board of Harokopio University approved the study design (16/19-12-2006) . In both studies, participants were informed about the aims and procedures of the study and gave their written informed consent prior to their enrollment.
Measurements

Socio-demographic data
The socio-demographic characteristics used in this study included age (years), and gender (male/female).
Lifestyle characteristics
Current smokers were defined as those who smoked at least one cigarette or any type of tobacco per day at the time of the interview. Physical activity was evaluated in MET-minutes per week, using the shortened, translated and validated in Greek version of the self-reported International Physical Activity Questionnaire (IPAQ) [18] . Those who reported at least 3 MET-minutes per week were classified as physically active. Participants who did not report any physical activities were defined as physically inactive.
Dietary habits assessment
The evaluation of dietary habits, in ATTICA study, was based on a semi-quantitative food frequency questionnaire (FFQ), originally developed for the European Prospective Investigation into Cancer and Nutrition (EPIC) study [19] . The Greek version of the EPIC questionnaire was provided by the Unit of Nutrition of Athens Medical School, after being translated according to standard literature guidelines [20] . All participants were asked to report the average intake (per week or day) of several food items that they consumed (during the last 12 months). Similar to the ATTICA study, dietary habits in the MEDIS study were assessed through a semi-quantitative, validated, and reproducible FFQ [21] . The frequency of consumption of various food types (i.e., meat and meat products, fish and seafood, milk and other dairy products, fruits, vegetables, greens and salads, legumes, cereals, pasta, olive oil) on a daily, weekly or monthly basis, was assessed.
In both studies, energy and macronutrient intake were calculated based on the participants' responses on the food frequency questionnaires. Carbohydrate or protein intake was considered low when carbohydrate-or protein-gram consumption was below the median, respectively. Accordingly, carbohydrate or protein intake was considered high when carbohydrate-or protein-consumption was above the median, respectively. Basal metabolic rate (BMR) was estimated using the Schofield equations [22] .
Anthropometric and clinical characteristics
In both studies, weight and height were measured using standard procedures to attain volunteer's BMI (kg/m 2 ). Waist circumference was measured in the middle between the lowest rib and the iliac crest using an inelastic measuring tape to the nearest 0.5 cm. Type 2 diabetes mellitus was determined by measuring fasting plasma glucose and in accordance with the American Diabetes Association diagnostic criteria (fasting blood glucose > 126 mg/dL or use of special antidiabetic medication). Participants who had blood pressure levels > 140/90 mmHg or who used antihypertensive medications were classified as hypertensive. Fasting blood lipids levels (high-density lipoprotein-cholesterol, low-density lipoprotein-cholesterol) and triglycerides were also determined biochemically. Hypercholesterolemia was defined as total serum cholesterol levels > 200 mg/dL or the use of lipid-lowering agents according to the National Cholesterol Education Program Adult Treatment Panel III guidelines [23] . A cumulative variable (range 0-4) indicating the overall burden of classical cardiometabolic risk factors (i.e., obesity and history of hypertension, diabetes and hypercholesterolemia) was developed (participants having none of the aforementioned risk factors received a score of 0, having one factor a score of 1, etc.).
Successful aging index
A successful aging index (SAI), ranging from 0 to 10, which has been previously developed and validated, using 10 attributes that reflect and have been found associated with the aging process, was used in this work. The index encompasses health-related social, lifestyle and clinical factors, including education, financial status, physical activity, BMI, depression, participation in social activities with friends and family, number of yearly excursions, total number of clinical CVD risk factors (i.e., history of hypertension, diabetes, hypercholesterolemia, obesity) and level of adherence to the Mediterranean diet [17] .
Statistical analysis
Continuous variables are presented as mean ± standard deviation (SD) or otherwise stated, and categorical variables as frequencies. After controlling for equality of variances (homoscedacity), associations between continuous variables and group of participants are evaluated with analyses of variance (ANOVA). To correct for the inflation of Type-I error in multiple comparisons, Bonferroni's correction was applied. Associations between continuous variables (i.e., protein and carbohydrate grams with SAI) were tested with Pearson's correlation coefficient. Associations between categorical variables by two were tested using the calculation of Pearson's chi-squared test. Linear regression models were used to evaluate the association between the type of diet and the participants' characteristics (i.e., age, gender, BMR, waist circumference, and smoking habits) and the SAI. Results are presented as standardized beta coefficients (B) and p value. The rationale of the model's selection was:
(1) at first, to evaluate the association of the 3 type of diets with successful aging index, accounting only for age and gender (model 1), (2) to evaluate the aforementioned association, accounting also for basal metabolic rate and waist circumference of the participants (model 2), and then (3) to further evaluate the above-mentioned association with a lifestyle factor, i.e., smoking habits (model 3). Logistic regression analysis was used to evaluate the effect of diet on the likelihood of having higher SAI (i.e., over the median), after adjusting for various potential confounders. To calculate the combined effect of the two studies, a random effects meta-analysis was applied. Despite the fact that only two studies were enrolled, measures of heterogeneity used here were Cohran's Q statistic and I 2 . The combined effect measures derived from the meta-analysis are presented as odds ratios (OR) and their 95% confidence intervals (CI). STATA (College Station, TX, USA) software version 13 was used for all calculations.
Results
Participants' characteristics by protein/ carbohydrate type of diet consumed and by region of residence
In Table 1 , baseline socio-demographic, lifestyle and clinical characteristics of the ATTICA and MEDIS participants, categorized by level of carbohydrates (CHO) and protein (PRO) intake are presented and used for the analyses. Diets were grouped into (1) low PRO-low CHO, (2) high PRO-high CHO, (3) high PRO-low CHO, and (4) low PRO-high CHO; the reference level used in the analysis was the low PRO-low CHO diet group. Between the studied samples, comparisons revealed that ATTICA study participants were younger (p < 0.001), more likely to be smokers (p < 0.001), had higher protein, carbohydrate and energy intake (p < 0.05), and higher SAI score (p < 0.001), as compared to the MEDIS study participants, whereas no differences were observed as regards CVD risk factors' profile (p's > 0.05). Between diet groups' comparisons, separately for each study, the unadjusted analysis revealed that SAI score did not differ among urban participants, whereas in islanders those who consumed a diet high in CHO and PRO had a higher level of SAI as compared to all the other diet groups (p < 0.001).
Further information about participants' characteristics by PRO/CHO intake group, by region of residence (urban, insular, as defined by the studied samples ATTICA, MEDIS) is depicted in Table 1 .
Type of diet and successful aging index
The previously mentioned association between CHO/PRO diet group and SAI levels may be prone to bias due to residual confounding. Thus, multi-adjusted linear regression models were used to evaluate the tested research hypothesis (Table 2 ). Moreover, the interaction between type of diet and studied sample on SAI levels was highly significant (p for interaction < 0.001); thus, the analyses were stratified by study. Adjustments for age, sex, BMR, energy intake, waist circumference and smoking (model 3) revealed that among the insular participants (MEDIS study), the high PRO-high CHO diet group had higher SAI score as compared to the low PRO-low CHO diet (B = 0.06, p = 0.04), whereas the low PRO-high CHO group had lower SAI score compared to the reference (B = − 0.08, p = 0.03). No association was observed as regards the high PRO-low CHO group and SAI. Regarding urban participants (ATTICA study), the type of diet was not associated with SAI levels (all p's > 0.05) ( Table 2) .
Further multi-adjusted analyses were applied to evaluate the individual effect of PRO and CHO intake on SAI levels. It was revealed, for both ATTICA and MEDIS studies' participants, that for every 1 g/day increase in energy adjusted carbohydrate intake, an increase of 0.177 units in the SAI was observed (p < 0.001). Likewise, for a 1 g/day increase in energy adjusted protein intake, an increase of 0.156 units of SAI was observed (p < 0.001). The aforementioned results were from the combined dataset, since no differences in the effect size measures observed when the analyses performed separately for the ATTICA and the MEDIS studies participants (data not shown).
However, since MedDietScore was a part of SAI and Mediterranean diet is considered relatively high in CHO, the analyses were repeated excluding MedDietScore from SAI. The results remained similar; in particular regarding islanders, low PRO-high CHO diet group had lower modified SAI score (B = − 0.07, p = 0.04) compared to the reference one, whereas the high PRO-high CHO diet group had higher SAI score (B = 0.05, p = 0.04) compared to low PRO-low CHO. Again, no significant association was observed between type of diet and SAI among urban participants (p's > 0.05). Similarly, the aforementioned results regarding the individual effect of CHO and PRO on the modified SAI were not altered (data not shown). Figure 1 illustrates the forest plots of the multi-adjusted (see Table 2 for adjusting factors) OR's (95% CIs) in the random effects meta-analysis of the two studies for the association between type of diet and the likelihood of having SAI above the median value 2.7 (that defined 50% of the participants in ATTICA study and MEDIS study, respectively). Overall, participants from both studies who consumed a high PRO-high CHO diet had pooled 2.89-times higher odds for having SAI over the median as compared to those who consumed a low PRO-low CHO diet (p for the polled effect = 0.03, Cohran's Q = 0.34, p = 0.56, I 2 = 0.0%). All other diet groups were not significantly associated with SAI level.
Discussion
This work revealed that PRO and CHO intake was associated with successful aging markers among older adults, modified, however, by their place of residence. In particular, among islander participants, adherence to a diet high in PRO and CHO was associated with higher SAI as compared to a diet Table 2 Results from multiple linear regression models performed to evaluate the association of various lifestyle characteristics and participants' type of diet, in relation to successful/healthy aging level
Results are presented as Standardized Beta coefficients; p value. Significant if p < 0.05. Fat and energy intake were also taken into account in the models, but since collinearity observed with BMR, and no differences in the effect size of CHO, PRO on the outcome was revealed, it was preferred to keep only BMR in the presented models due to the fact that they provided better goodness-of-fit statistics low in both PRO and CHO, whereas the consumption of a diet high only in CHO was associated with lower successful aging score. However, for the participants from the mainland country, no significant association between PRO, CHO intake and SAI was observed. Since this is the first study investigating the effect of PRO and CHO intake on successful aging, head to head comparisons with other studies are not feasible. Nevertheless, the presented results may state a research hypothesis for further investigation about the role of CHO and PRO intake on successful aging process, taking also into account environmental factors. Despite the lack of relevant studies, the presented results would be discussed in the wider context of the effect of diet on human longevity. Since the low morbidity rates of centenarians indicate that their lifestyle consists a model for healthy aging [24, 25] , and according to Prospective Urban Rural Epidemiology (PURE) Study which found that high CHO intake was associated with higher risk of total mortality [26] , the results of the present study are in line with the general knowledge regarding the effect of high CHO intake on healthy aging. Moreover, as indicated by a study in Sicilian centenarians, older people tend to consume low CHO diets; despite the cross-sectional observation, the latter may "hide" a secret for longevity [27] . Overall, diets extremely high in CHO and especially high in simple CHO can force the human body to digest them very fast, increase insulin secretion, thus, increasing the risk of inflammation and heart disease [28, 29] .
On the other hand, PRO is a fundamental building block of all cells, antibodies, enzymes and most of the body's hormones. About 20% of the human body is made up of protein. The human body does not store PRO, so it is crucial to get enough from the diet. It serves essential functions of the organism and are necessary for the body's development, tissue composition and maintenance; and they cannot be replaced or produced by other macronutrients (from sugars or fats) [30] . Factors, such as age, type of work, type and intensity of physical activity, total caloric intake, environmental temperature, pathological conditions and certain infections, affect the body's protein requirements [31] . It has been reported that elders tend to consume low PRO diets, mainly because of the "fear" of kidney complications [32] . However, high PRO diets do not necessarily affect kidney function of older adults, irrespective of whether protein has animal or vegetable origin [33] . Moreover, high PRO diets have shown several cardiometabolic benefits. For example, in the Tehran Lipid and Glucose study, conducted in individuals 19-70 years, higher proportion of energy intakes from PRO had favorable effects on participants' lipids profile, compared to CHO [34] . Moreover, it has been reported that when CHO replaces PRO, the inverse correlation between protein intake, lipids' profile and body weight, is modified [35] . In addition, frailty, which often characterizes older individuals, is inversely associated with successful aging, representing declines in function and health [36] . Frailty syndrome has been related to diet quantity and energy intake, as well as diet quality, in terms of PRO consumption [37] , reinforcing the present study's findings on the importance of high PRO intake among this group of the population. Thus, it could be suggested that diets high in PRO may favorably affect healthy aging process through various mechanisms.
Studies have shown that the quality of PRO and CHO consumed may also influence the process of aging, as well as the quality of life. Results from the Nurses' Health Study suggest that proteins coming from beans, nuts or seeds or, in general, vegetable protein sources are associated with lower risk of CVD [38] . It has been also suggested that choosing diets, not necessarily low in carbohydrates, but low in glycaemic load, i.e., fiber-rich and low glycaemic index foods, can benefit LDL-and HDL-cholesterol levels as well as improve insulin response and blood pressure levels [39, 40] . The traditional Mediterranean dietary pattern, which is an excellent example of good quality food sources of PRO and CHO, has long been associated with lower CVD incidence, some types of cancer, and neurological disorders, better mental health, as well as, more recently, with successful aging [41] [42] [43] [44] . The observation that high PRO-high CHO intake was significantly associated with better SAI levels only among islanders, but not mainland participants, may confirm the aforementioned speculation of the diet-environmental interaction on SAI. Mediterranean diet and its association with low CVD mortality has its origins in insular areas of Greece that were included in the Seven Countries Study [45] . Moreover, several potential underlying mechanisms like, the better quality of foods consumed in insular areas, and consequently better sources of CHO/PRO and other macronutrients, the lower energy (that was also observed in the present work, Table 1 ) and fat intake, as well as other predisposing factors that could influence successful aging, like loneliness, depression and anxiety, financial issues, were not studied here.
Strengths and limitations
This work has several strengths. To our knowledge, this is the first study concerning the certain nutrients intake in relation to successful aging markers of older adults, using two different population-based samples were used. From an epidemiological perspective, using samples from different populations is useful to minimize the effect of several types of bias and to multiply the external validity of the findings. In addition, the reported results could be of significant importance for public health policymakers, since a basic principle of empowerment and health promotion is the awareness of people of the effect of harmful behaviors, like dietary.
This study also has several limitations. The dietary habits, as well as all other participants' characteristics, were measured once, thus a measurement error may exist and there is always a bias in self-reported questionnaires. Moreover, the possible cognitive decline of the older participants may have affect the validity of their dietary habits' reporting. Nutrient intake was calculated through food composition tables using the information retrieved through the food frequency questionnaires; thus, may result to over/underestimation of the true intake. Moreover, the observational nature of the cross-sectional design does not allow for cause and effect conclusions. Aging, is a complex phenomenon, consisting of many aspects. Nowadays, a great number of older adults suffer from depression and other mental or psychiatric disorders, possibly affecting social interactions and appetite. Social isolation, depression and lack of appetite could also lead to low energy intake and, as a consequence, influence macronutrient intake. Thus, and taking into account the cross-sectional design of the present study, older adults with low SAI scores may have followed a diet low in CHO and PRO, presumably due to lower energy needs, because of low physical activity levels, depression and loneliness, and all factors that are included in the concept of successful aging. In other words, the reverse-causality phenomenon cannot be entirely excluded from the discussion of the reported findings.
Conclusions
According to the present study, high PRO diets seem to be beneficial for older adults as regards successful aging markers, but only among islanders, stating a hypothesis for a diet-environmental interaction. Diet is undoubtedly an expression of people's culture; it affects and is influenced by its geophysical environment, tradition, harvesting, and religion. The environmental interaction observed between the region of residence (mainland urban areas vs. insular, traditional areas) and protein/carbohydrate intake on successful aging, may suggest that the "residence culture" has influenced the dietary habits of the people, and undoubtedly deserves further attention. Overall, it could be concluded that high PRO diets could possibly be considered as an effective mean for significant health, life-course benefits in the general older adult population.
